Dynamic turnover of paused Pol II
complexes at human promoters
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Paused RNA polymerase II (Pol IT) that piles up near most human promoters is the target of mechanisms that control
entry into productive elongation. Whether paused Pol II is a stable or dynamic target remains unresolved. We report
that most 5’ paused Pol II throughout the genome is turned over within 2 min. This process is revealed under hy-
pertonic conditions that prevent Pol II recruitment to promoters. This turnover requires cell viability but is not
prevented by inhibiting transcription elongation, suggesting that it is mediated at the level of termination. When
initiation was prevented by triptolide during recovery from high salt, a novel preinitiated state of Pol II lacking the
pausing factor Spt5 accumulated at transcription start sites. We propose that Pol II occupancy near 5’ ends is gov-
erned by a cycle of ongoing assembly of preinitiated complexes that transition to pause sites followed by eviction
from the DNA template. This model suggests that mechanisms regulating the transition to productive elongation at
pause sites operate on a dynamic population of Pol II that is turning over at rates far higher than previously sus-
pected. We suggest that a plausible alternative to elongation control via escape from a stable pause is by escape from

premature termination.

[Keywords: Spt5; Pol II pausing; transcription elongation; transcription initiation; transcriptional regulation]

Supplemental material is available for this article.

Received May 14, 2018; revised version accepted July 11, 2018.

A signature feature of transcription in most metazoans is
that RNA polymerase II (Pol II) piles up near start sites so
that its density is often many times higher at 5 ends
than it is at positions further downstream. This unusual
polymerase distribution was discovered by nuclear run-
on and cross-linking analysis of the B-globin, MYC, and
Hsp70 genes (Gariglio et al. 1981; Bentley and Groudine
1986; Eick and Bornkamm 1986; Gilmour and Lis 1986).
Subsequently, genome-wide studies revealed that the 5’
pileup occurs at most Pol II transcribed genes (Muse
etal.2007; Zeitlinger et al. 2007; Core et al. 2008; Nechaev
et al. 2010) and at enhancers (Henriques et al. 2018).

The promoter-proximal pausing model proposes that
Pol II piled up near start sites has initiated transcription,
elongated ~30-60 bases, and is stably engaged on the
DNA template at this position (Rougvie and Lis 1988;
Krumm et al. 1995; Gilmour 2009; Jonkers and Lis 2015;
Mayer et al. 2017) but is held back by the negative elonga-
tion factors DSIF and NELF (Yamaguchi et al. 1999, 2013;
Wu et al. 2003; Cheng and Price 2007). In this paused
state, Pol Il is the target of regulators that control the tran-
sition into productive elongation. Paused Pol IT is released
to resume elongation by activators and coactivators that
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recruit the positive elongation factor PTEFb (Cdk9/
CyclinT) (Marshall and Price 1995; Yang et al. 2005;
Chen et al. 2015b; Yu et al. 2015) that antagonizes the neg-
ative elongation factors by phosphorylating them (Wada
et al. 1998; Zhou et al. 2012). The model of regulated re-
lease of paused Pol II is consistent with many in vivo ex-
periments (Adelman and Lis 2012; Zhou et al. 2012;
Jonkers and Lis 2015; Mayer et al. 2017), although an im-
portant limitation of the model is that individual Pol II
complexes have never actually been observed to pause
and then resume elongation. Furthermore, in vitro, stable
pauses of the type proposed to occur in vivo have not been
seen in the presence of physiological nucleotide concen-
trations. Moreover, single-molecule studies of Pol II elon-
gation show that pauses do not usually exceed 3 sec
(Zamft et al. 2012).

An alternative fate for paused Pol I is eviction from the
template by premature termination (Hay et al. 1982;
Brannan and Bentley 2012; Wagschal et al. 2012; Chiu
et al. 2018). Active Pol I eviction at pause sites has never
been observed directly either, but several indirect lines of

© 2018 Erickson et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (Attri-
bution-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 32:1215-1225 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/18; www.genesdev.org 1215


mailto:david.bentley@ucdenver.edu
mailto:david.bentley@ucdenver.edu
mailto:david.bentley@ucdenver.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.316810.118
http://www.genesdev.org/cgi/doi/10.1101/gad.316810.118
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

Erickson et al.

evidence are consistent with this possibility, including
production of short nuclear capped transcripts (Nechaev
et al. 2010) and the presence of termination factors at 5’
ends of genes (Brannan et al. 2012; Wagschal et al. 2012;
Nilson et al. 2017). On the other hand, studies using trip-
tolide, which blocks open complex formation by inhibit-
ing the TFIIH-associated XPB ATPase (Titov et al. 2011;
Alekseev et al. 2017), show that Pol II can persist at 5’
ends without initiation for relatively long periods (Henri-
ques et al. 2013; Jonkers et al. 2014; Chen et al. 2015a;
Shao and Zeitlinger 2017). For example, the median half-
life of paused Pol II in triptolide-treated Drosophila cells
was >15 min (Shao and Zeitlinger 2017), suggesting that
turnover by premature termination is not very significant.
However, another study, also in Drosophila, that indirect-
ly mapped Pol IT based on methyltransferase footprint size
reported a more rapid average Pol II turnover rate [t(1) ~
6.5 min]. Paradoxically, this report found no difference
in Pol I turnover between genes with high and low levels
of pausing (Krebs et al. 2017). A caveat of all of these stud-
ies is that they assume that triptolide prevents recruit-
ment of stable Pol II complexes at promoters—an
assertion that has not been experimentally tested. Rapid
turnover is also consistent with the short residence times
(<1 min) of a fraction of fluorescently labeled Pol Il on a re-
porter gene (Darzacq et al. 2007) and endogenous genes
(Steurer et al. 2018), as measured by fluorescence recovery
after photobleaching (FRAP) in some but not all studies
(Buckley et al. 2014). Because of these conflicting results,
it currently remains unresolved whether the target of
post-initiation mechanisms that regulate entry of paused
Pol II into productive elongation is working on relatively
static polymerases or a population that is dynamically
turning over.

In addition to pausing after initiation, there is evidence
that Pol II can accumulate at start sites in a “poised”
or “docked” state that has not initiated synthesis of the
RNA chain. This model is supported by studies in Caeno-
rhabditis elegans and quiescent B lymphocytes where Pol
II is found near promoters in the absence of a nuclear run-
on signal or a transcription bubble (Kouzine et al. 2013;
Maxwell et al. 2014). It is not clear whether accumulation
of “poised” Pol II at mammalian promoters is a general
phenomenon or specific to quiescent cells with low levels
of XPB ATPase (Kouzine et al. 2013) that is required for
open complex formation.

Transcription initiation and elongation differ dramati-
cally in their sensitivity to high ionic strength. Whereas
preinitiation complexes are dissociated by 0.25 M KCl, af-
ter synthesis of the first 10 bases, elongation complexes be-
come stable to 0.6 M KCl (Cai and Luse 1987). Consistent
with the in vitro results, when yeast or mammalian cells
are treated with 0.5 M NaCl, Pol I dissociated from pro-
moter regions but not downstream positions within sever-
al genes (Proft and Struhl 2004; Wang et al. 2005). To
investigate the dynamics of Pol I at pause sites in human
cells, we revisited the question of how blocking recruit-
ment to promoters with high salt affects Pol II occupancy
genome-wide using anti-Pol Il ChIP-seq (chromatin immu-
noprecipitation [ChIP] combined with high-throughput
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sequencing). When Pol Il recruitment was prevented under
hypertonic conditions, a highly active turnover mecha-
nism was revealed that caused an almost complete, yet
rapidly reversible, loss of Pol II from promoter-proximal
pause sites throughout the genome within 2-5 min. This
phenomenon required cell viability but was unaffected
by the inhibitors DRB and a-amanitin, suggesting that
Pol II removal from pause sites does not require normal
elongation. During recovery from hypertonic shock, Pol
II associated at 5’ ends of genes even when initiation was
prevented by triptolide, suggesting that it stably accumu-
lates at start sites in a “poised” preinitiation state, which
is probably an intermediate that precedes pausing. Such
“poised” preinitiation complexes may account for previ-
ous reports of prolonged Pol II persistence at 5 ends in
the absence of initiation. Together, these results demon-
strate active ongoing assembly of preinitiated complexes
at start sites and rapid eviction from pause sites at far high-
er rates than previously suspected.

Results

Rapid loss of Pol II from pause sites revealed under
hypertonic conditions

We investigated how high salt affects Pol I occupancy on
genes in vivo by challenging HCT116 colon carcinoma
cells with addition of NaCl to a final concentration of
350 mM monovalent cations followed by anti-Pol I
ChIP. As determined by quantitative PCR (qPCR), high-
salt treatment caused >90% loss of Pol II from the 5
ends of representative genes within 2 min (Fig. 1A).
NaCl titration showed that as little as 250 mM total salt
in the medium for 10 min was sufficient to remove most
of the paused Pol II from the 5 end of the MYC gene
(Fig. 1B). To determine whether this trend held genome-
wide, we performed anti-Pol II ChIP-seq with a spike-in
of cross-linked yeast chromatin. Yeast Pol II cross reacts
with the anti-pan-Pol II C-terminal domain (CTD) anti-
body so that ChIP-seq signals can be normalized to the
spike-in (Hu et al. 2015). Following 10 min in 500 mM to-
tal salt, there is a widespread depletion of almost 90% of
Pol II from promoter-proximal pause sites, as shown in
metaplots (Fig. 1C-E) and by inspection of individual
genes (Fig. 1G-I). This effect of hypertonic conditions on
5" paused Pol II is not unique to HCT116, as we observed
the same effect in HAP1 myeloid leukemia cells (Supple-
mental Fig. S1A).

We compared the effect of high salt on Pol IT occupancy
at 5 ends of genes with low and high levels of promoter-
proximal pausing as defined by the pausing index {Pol I
density at start site [-500 to +500 relative to the transcrip-
tion start site (TSS)]/gene body [+501 from the TSS to —500
from the poly(A) site]}. Pol I was equally effectively re-
moved from promoter regions of genes with the lowest
(Fig. 1D,G) and highest (Fig. 1E,H) pausing indices. In
high salt, Pol IT was also rapidly removed from enhancers,
where peaks of Pol II density are commonly located close
to the start sites of bidirectional transcription that gives
rise to eRNAs (Fig. 1F). Pol II removal from pause sites
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Figure 1. Rapid removal of Pol II from promoter-
proximal pauses sites under hypertonic conditions.
(A) Rapid loss of Pol II from 5 ends in high salt.
NaCl was added to HCT116 cells in McCoy’s medi-
um (350 mM monovalent cations final) for 2, 5, or
10 min followed by anti-Pol I ChIP. ChIP qPCR sig-
nals were normalized to —NaCl control. The mean
and SEM for three technical replicates are shown.
(B) Salt concentrations >250 mM elicit rapid loss of
Pol II from 5’ ends. NaCl was added to HCT116 cells
for 10 min to the final salt concentrations shown,
and Pol IT was assayed after 10 min by ChIP qPCR at
MYC amplicons. The mean and SEM are shown for
two biological replicates. n=5. (C) Genome-wide
loss of paused Pol I from 5’ ends in high NaCl. Meta-
plots of anti-Pol II ChIP-seq with or without 0.5 M
NaCl (final) for 10 min. Mean ChIP signals are nor-
malized to yeast spike-in. One-hundred-base bins
are shown in flanking regions —1.5 to +0.5 kb relative
to the transcription start site (TSS) and —0.5 to +3.5 kb
relative to the poly(A) site. Gene body regions be-
tween +500 relative to the TSS and —500 relative to
the poly(A) site were divided into 20 equal bins.

+3450
n=25766

(D,E) Genome-wide loss of paused Pol II in high NaCl from genes with low and high pausing indices. Metaplots are as in C. The pausing
index was calculated for the 9000 genes with the highest signals in control cells. One-thousand genes with the highest and lowest pausing
index values were selected. (F) Genome-wide loss of paused Pol II from enhancers in high NaCl. Metaplots are as in C. Enhancer regions
from Andersson et al. (2015) (red double arrow) were centered and divided into 20 equal bins. (G,H) University of California at Santa
Cruz (UCSC) genome browser screenshots of Pol IT ChIP signals as in C. Note the loss of Pol I from 5’ pause sites (red arrows) and transcrip-
tioninto 3’ flanking regions in high salt (blue arrow) (see also Supplemental Fig. S1B,C). Poly(A) sites are shown as orange lines. (I) Pol Il ChIP
normalized to total mapped reads in HCT116 cells treated with 350 mM NaCl for 10 and 30 min. Note Pol II “creeping” with depletion from

the 5" end (arrows).

was not peculiar to high-salt treatment, as similar results
were obtained in HCT116 cells that were osmotically
shocked with high sucrose, which also raises intracellular
salt concentrations (Fig. 2A,B).

In contrast to 5’ pause sites, Pol II within gene bodies
was resistant to hypertonic conditions even after treat-
ment for 30 min (Fig. 11I), consistent with the resistance
of elongation complexes to high salt in vivo and in vitro
(Cai and Luse 1987; Proft and Struhl 2004; Wang et al.
2005). High-salt treatment did not eliminate Pol II occu-
pancy from the 5" ends of all genes, however. For the minor
class of genes (such as FSTL3, ZNF395, and GRBI10),
where most Pol II is actively elongating and there is no
5" pause, NaCl treatment had little effect (Fig. 2C; Supple-
mental Fig. S1D,E). This observation shows that Pol Il en-
gaged at the 5" ends of genes is not inherently salt-labile.
Another exception occurred at transfer RNA (tRNA)
genes, where Pol IT has been found previously to accumu-
late for unknown reasons (Raha et al. 2010). Peaks of Pol II
at tRNA genes persisted or even increased in magnitude in
high salt (Fig. 2D; Supplemental Fig. S1F). The latter result
shows that sites of Pol Il accumulation in vivo are not nec-
essarily intrinsically sensitive to disruption by high salt
and, furthermore, that high salt does not nonspecifically
inhibit cross-linking of Pol II to DNA. We conclude that
hypertonic stress is associated with a genome-wide net
displacement of Pol II that is specific to promoter-proxi-
mal pause sites. Pol Il removal does not appear to require
the hypertonic stress response because it was unaffected

by PD-169316, an inhibitor of the p38 MAP kinases that
are required for this response (Kayali et al. 2000; Zhou
et al. 2016; Supplemental Fig. S1G).

When cells were kept in high salt for 30 min, Pol I ap-
peared to creep toward 3’ ends with depletion from the
5" regions of gene bodies (Fig. 1I; Supplemental Fig. S1B,
C). This scenario is consistent with a block to initiation,
as occurs in vitro, combined with slow elongation remi-
niscent of that reported after oxidative stress (Nilson
et al. 2017), which might result from dissociation or mod-
ification of an elongation factor. Inhibition of initiation is
further suggested by the loss of most TBP from promoter
regions of several mRNA-coding genes, but not a tRNA,
after addition of high salt (Supplemental Fig. SIH). We
alsonoted that in high salt, Pol Il localized far downstream
from poly(A) sites (Figs. 11, 2B; Supplemental Fig. S1B,C),
consistent with a termination defect and the synthesis
of 3’ extended transcripts under these conditions (Vilborg
et al. 2015).

We tested whether nucleosomes become rearranged fol-
lowing loss of paused Pol II in high salt. This possibility is
suggested by experiments in Drosophila showing that
paused Pol II is anti-correlated with positioned nucleo-
somes downstream from the TSS (Gilchrist et al. 2010).
We observed that histone H3 occupancy increased down-
stream from start sites (Fig. 2E, red arrow) within 10 min
under high-salt conditions, consistent with competition
between nucleosomes and paused Pol II (Gilchrist et al.
2010). On the other hand, nucleosome-depleted regions
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Figure 2. (A) Genome-wide loss of paused Pol I

from 5 ends of genes in high sucrose. Sucrose

was added to HCT116 cells to 0.63 M to exert os-
- motic pressure equivalent to 0.35 M NaCl for 10
min, and Pol II occupancy was assayed by ChIP-
seq. (B) UCSC genome browser screenshot of Pol
II ChIP on the EIF1 gene asin A. (C) UCSC genome
browser screenshot of Pol II ChIP on the FSTL3
gene in HCT116 cells that lacks a 5’ peak of paused
Pol II. Note Pol II resistance to high salt at genes
that lack 5" paused Pol II (see Supplemental Fig.
S1D,E). (D) Pol Il ChIP on a transfer RNA (tRNA)
Ile gene that is resistant to eviction in high salt
(see Supplemental Fig. S1F). (E) Metaplots of rela-
tive frequency (RF) of anti-histone H3 ChIP-seq
with and without addition of NaCl for 10 min.

|

Control
Control NaCl
Saponin

Saponin NaCl

Relative frequency plots are made by calculating mean read counts for each bin divided by the sum of mean counts in all bins. Note
the evidence of nucleosome replacement when paused Pol II is lost in high salt (red arrow) and the maintenance of the nucleosome-
free region at the TSS (black arrow). (F) Pol I eviction from 5’ ends in high salt is an active process. HCT116 cells were untreated (control)
or permeabilized with 0.3 mg/mL saponin + 150 pM NaNj for 5 min (saponin), and then NaCl was added for 10 min followed by addition of
mouse M12 spike and cross-linking. Pol IT occupancy at 5’ ends of five genes was assayed by ChIP normalized to mouse actin and —NaCl
controls. Note that the removal of Pol Il in high salt is reduced by loss of cell viability. The mean and SEM for two biological replicates and

four PCR reactions are shown.

centered over TSSs were maintained in high salt (Fig. 2E,
black arrow).

Active removal of Pol II from pause sites when elongation
is inhibited

Post-initiation Pol Il complexes are stable to at least 0.6 M
KClin vitro (Cai and Luse 1987); however, we observed ro-
bust loss of Pol II from pause sites in vivo on exposure to
only 0.25 M salt (Fig. 1B). To account for this result, we hy-
pothesized that in high salt, formation of initiation com-
plexes was inhibited and, in addition, that rather than
passively dissociating from the template, paused Pol II
was actively removed. To test this idea, we asked whether
removal of paused Pol II required cell viability. Killing
cells by permeabilization with saponin for 5 min in the
presence of NaNj; did not reduce Pol Il occupancy at pause
sites and may even have slightly increased it (Supplemen-
tal Fig. S2A). Notably, inhibiting all metabolic processes
by saponin/NaNj; treatment strongly stabilized Pol II at
pause sites when cells were challenged with high salt
(Fig. 2F). We conclude that removal of Pol II from 5’ pause
sites under hypertonic conditions is an active process that
requires cell viability rather than a passive displacement
by high ionic strength.

There are two possible explanations for the rapid and
near-complete loss of Pol II from pause sites in high salt:
premature termination and release of arrested Pol II into
productive elongation. To investigate whether elongation
is required for Pol Il removal in high salt, we asked wheth-
er it was affected by the inhibitors DRB and a-amanitin.
DRB inhibits the PTEFb kinase and blocks release of
paused Pol II into productive elongation (Marshall and
Price 1995). We quantified Pol II occupancy at the TSS
in control and DRB-treated HCT116 cells before and after
NaCl treatment. As expected, Pol II was distributed as a
bimodal peak around the TSS (Fig. 3A), consistent with
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pausing of divergent transcription complexes (Quinodoz
et al. 2014). If loss of Pol II at pause sites in high salt was
due to a transition to active elongation, then DRB should
prevent it, but this was not the case. In the presence of 100
1M DRB for 60 min, substantial loss of Pol II from pause
sites still occurred within 2 min of adding 500 mM
NaCl (final) and was almost complete within 5 min (Fig.
3A,B; Supplemental Fig. S2B-E).

To further address the possibility that loss of Pol II from
5 ends could be caused by release of paused Pol II into
gene bodies, we calculated ratios of spike-in normalized
Pol I density in low and high salt throughout the 5’
ends of genes. However, even for genes with the greatest
pausing, the loss of 5’ Pol II in high NaCl was not compen-
sated for by increased Pol II density at downstream posi-
tions (Fig. 3C, red plot). Similarly, the loss of DRB-
arrested Pol IT at 5" ends in high salt was not compensated
for by increased density within gene bodies (Fig. 3C, pink
plot). As expected, in DRB, Pol I loss is more restricted to
5" ends because it is arrested at start sites. In summary,
these results show that DRB-sensitive PTEFb-dependent
Pol 1I release into elongation is not required for loss of
paused Pol I in high salt. Moreover, there is not a detect-
able net displacement of Pol II from pause sites into gene
bodies under these conditions.

We next tested whether a-amanitin, which binds the
trigger loop and blocks translocation, affects Pol II turn-
over at 5" ends in high salt. a-Amanitin (5 ng/mL for 24
h) strongly inhibited Pol II but not Pol III transcription,
as determined by BrU labeling (Supplemental Fig. S2F).
Pol II occupancy at 5 ends after prolonged a-amanitin
treatment is much reduced and also less dispersed away
from the TSS than in control cells, presumably due to
poor translocation (Fig. 3D). As with DRB, a-amanitin
did not prevent the almost complete loss of Pol II from
5" ends within 10 min in high salt, as shown by anti-Pol
II ChIP-seq normalized to a mouse spike-in (Fig. 3D,E;
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Figure 3. Inhibitors of elongation do not prevent turn-

over of promoter-proximal Pol II. (A) Turnover of DRB-

arrested Pol II at 5’ ends of genes. HCT116 cells were

treated with 100 uM DRB for 1 h, and then 350 mM
;%';?3 NaCl (final monovalent cations) was added, and Pol I
n=2647 occupancy was assayed by ChIP-seq after 2, 5, and 10
min. Metaplots with 25-base-pair (bp) bins of mean
Pol I ChIP-seq normalized to mouse M12 spike-in are
shown. (B) UCSC genome browser shot of Pol I ChIP-
seq signals on GAPDH as in A. Note the Pol II pileup
at the 5" end and clearance from the gene body in DRB
(see also Supplemental Fig. S2B-E). (C) Ratio of Pol Il oc-
cupancy in HCT116 with or without high NaCl. Pol IT
ChIP-signals were normalized to yeast spike-ins, and ra-
tios with or without 350 mM NaCl for 10 min at each
gene were determined for 100-bp bins. —DRB results
are those in Figure 11, and +DRB (100 uM for 60 min) re-
sults are those in Supplemental Figure S2B,C. The
genes analyzed are the top one-third ranked for pausing
index under control conditions. Note that loss of Pol IT
in high NaCl at 5" ends is not compensated for by in-
creased levels at downstream positions. (D,E) Turnover

+3750

of a-amanitin-arrested Pol I at 5" ends of genes. HCT116 cells were treated with 5 pg/mL a-amanitin (a-Am) for 24 h (see Supplemental Fig.
S2F), and then NaCl was added for 10 min, and Pol IT occupancy was assayed by ChIP-seq normalized to a mouse M12 spike-in. (D) Meta-
plots of mean Pol IT ChIP signals. (E) Genome browser shots as in D (see also Supplemental Fig. S2G,H). (F) Rapid turnover of a-amanitin-
arrested Pol IL. HCT116 cells were treated with 5 ng/mL a-amanitin for 24 h, and then NaCl was added for 2, 5, or 10 min. Mouse M12 cells
were spiked in, and Pol IT occupancy was assayed at the 5’ ends with normalization to the mouse actin by ChIP-qPCR. Values were nor-
malized to controls without NaCl addition. The mean and SEM for three technical replicates are shown.

Supplemental Fig. S2G,H). Indeed, anti-Pol IT ChIP-qPCR
at several promoters demonstrated substantial Pol I turn-
over of a-amanitin-arrested Pol II within 2 min after add-
ing high salt (Fig. 3F). Turnover of a-amanitin-arrested
complexes in high salt was inhibited by saponin permea-
bilization +NaN3, indicating that it is an active process
rather than passive dissociation (Supplemental Fig. S2I).
In summary, both DRB and a-amanitin failed to prevent
the rapid removal of Pol II from 5’ ends of genes in high-
salt-treated cells. These observations suggest that when
elongation is impaired, an alternative mechanism, pre-
sumably a form of premature termination, is sufficient
to rapidly remove most Pol II from pause sites in cells ex-
posed to hypertonic conditions.

Rapid reversal of Pol II loss at promoters; accumulation
of ‘poised’ complexes

When cells were returned to isotonic conditions after hy-
pertonic shock, the peaks of Pol II density reappeared at
thousands of 5 pause sites within 15 min. At many genes,
we observed a “rebound” effect, where, after recovery,
slightly more Pol IT accumulated at 5 ends than was pre-
sent prior to the osmotic shock (Fig. 4A,B). This rapid re-
versal of Pol II loss provides a unique opportunity to
investigate how Pol II is recruited to promoter regions in
vivo in real time. We took advantage of the active Pol Il ac-
cumulation at unoccupied promoters during recovery
from hypertonic shock to ask whether initiation is re-
quired for this process. Previously, it had been assumed
that stable Pol I accumulation at 5 ends required tran-
scription initiation followed by pausing. As a result, it

was concluded that prolonged Pol II occupancy at 5
ends in the presence of the initiation inhibitor triptolide
reflects highly stable pausing (Henriques et al. 2013;
Jonkers et al. 2014; Chen et al. 2015a; Shao and Zeitlinger
2017). Pol II occupancy was assayed in cells that were
treated with 10 pM triptolide for 10-60 min and exposed
to 350 mM salt for 10 min followed by recovery in isotonic
medium plus triptolide for 15 min. Triptolide was added
before salt to allow time for XPB inactivation. As expect-
ed, triptolide did not affect the loss of Pol II at 5" ends in
high salt. Unexpectedly, however, triptolide also did not
prevent Pol II rebinding at 5’ ends during recovery from
high salt. This result is evident from inspection of ChIP-
seq results normalized to a mouse spike-in for individual
genes and in metaplots of many genes (Fig. 4C,D; Supple-
mental Fig. S3). Notably, the preinitiated Pol II that accu-
mulated at 5 ends in the presence of triptolide was
confined to the TSS and did not move to upstream and
downstream pause sites, in contrast to paused Pol II that
accumulates during recovery from high salt in the absence
of triptolide (Fig. 4F). We classified genes into those with
strong and weak recruitment of Pol II preinitiation com-
plexes, as defined by the ratio of Pol II ChIP signal around
the TSS after recovery from high NaCl in triptolide/ChIP
signal in triptolide before NaCl addition. The group with
robust recruitment of preinitiation complexes, indicative
of strong promoter activity, corresponded to those with
high Pol II occupancy under normal conditions. In con-
trast, those genes with poor recruitment of preinitiation
complexes, indicative of weak promoters, had far lower
Pol IT occupancy normally (Fig. 4E). In summary, these ob-
servations during recovery from hypertonic shock reveal a
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previously undetected process of active assembly of rela-
tively stable “poised” preinitiation complexes operating
at thousands of promoters. Furthermore, the results in
Figure 4 show that it is not always correct to assume
that Pol I residing at 5" ends is in a paused state after ini-
tiation has been inhibited.

Rapid loss of Pol II from pause sites under
isotonic conditions

We asked whether the rapid turnover of Pol II at pause
sites that occurs in hypertonically shocked cells also oper-
ates under isotonic conditions. If this is the case, then trip-
tolide inhibition of initiation is predicted to deplete Pol II
from pause sites, while ongoing assembly of preinitiation
complexes is expected to maintain some level of Pol IT oc-
cupancy at the TSS. To test this idea, we treated cells with
triptolide for short periods and monitored Pol II occupan-
cy around start sites by ChIP-seq (Fig. 5A-D; Supplemen-
tal Fig. S4A,B), as in previous studies (Henriques et al.
2013; Jonkers et al. 2014; Chen et al. 2015a; Krebs et al.
2017; Shao and Zeitlinger 2017). We mapped ChIP-seq
reads at high resolution to distinguish Pol II complexes
at pause sites from those at the TSS. Importantly, we
found that the profile of Pol IT near start sites was qualita-
tively altered by triptolide. Under control conditions, Pol
II was distributed in the expected bimodal peak around
the TSS, but, in triptolide, this profile was remodeled as
Pol I shifted from upstream and downstream pause sites
toward the TSS, consistent with a previous report (Chen
et al. 2015a). This transition, which is easily seen in plots
of the relative frequency of Pol II ChIP signals around the
TSS, was first detected after 5 min in triptolide and was
complete after 10 min, at which time the bimodal Pol 1T
profile was replaced by a single peak of Pol II over the
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TSS both in HCT116 and HEK293 cells (Fig. 5C,D). This
transition of Pol II from pause sites to the TSS is not an ar-
tifact of lower ChIP signals in triptolide, as shown in
metaplots of mean ChIP signals for equivalent numbers
of reads over the region from -1 to +1 kb relative to the
TSS (Supplemental Fig. S4C). We interpret this result to
mean that in triptolide, paused Pol II localized at peaks
flanking the start site is rapidly turned over, making
room for the assembly of new “poised” preinitiation com-
plexes that localize to the TSS but are unable to transition
to the pause sites. Note that the time scale of this change
in Pol II positioning likely underestimates the actual rate
of turnover at pause sites because it does not account for
the lag in onset of XPB inhibition after adding triptolide
to cells. In summary, these results show that when initia-
tion is inhibited under isotonic conditions, a large fraction
of Pol II at pause sites is turned over within 5 min, and the
process is essentially complete within 10 min. This
conclusion is in contrast to previous studies that did not
distinguish “poised” from “paused” complexes and inter-
preted the persistence of 5’ peaks of Pol II in the presence
of triptolide as evidence of stable pausing (Henriques et al.
2013; Chen et al. 2015a; Shao and Zeitlinger 2017).

The Pol II at 5' ends when initiation is inhibited
by triptolide is not pausedc

To be sure that the Pol Il remaining over start sites in trip-
tolide is really distinct from paused complexes, we asked
whether it was associated with DSIF (Spt4/5), which is an
integral component of paused complexes. Spt5 contacts
the front and back sides of the Pol II ternary complex as
well as the nascent transcript (Missra and Gilmour
2010; Bernecky et al. 2017; Ehara et al. 2017). Anti-Spt5
ChIP-seq (with a mouse spike-in for normalization) was

Figure 4. Pol Il recruitment to 5’ ends during recovery
from hypertonic shock does not require initiation. (4,B)
Removal of Pol II from pause sites is rapidly reversed
during recovery from hypertonic shock. NaCl was add-
ed to HCT116 cells for 10 min and then replaced with
normal isotonic medium (wash) for 15 min. Pol II

s o e ChIP-seq was normalized to mouse M12 spike-in. (A)
+500 +1000 GAPDH Se——)

Pol II ChIP-seq genome browser shots. (B) Metaplots
of mean Pol II ChIP signals as in A with 25-bp bins.
Note the bimodal Pol II distribution following recovery
from high salt. (C,D) Accumulation of “poised” preini-
tiation complexes at the TSS during recovery from hy-
pertonic shock in triptolide. HCT116 was treated with
10 pM triptolide (Trip.) for 15 min, and then NaCl
was added for 10 min followed by washout with medi-
um containing 10 uM triptolide for 15 min. Pol II
ChIP-seq was normalized to M12 spike-in. (C) Pol II

ChIP-seq at GAPDH. (D) Metaplots of mean Pol II ChIP signals with 25-bp bins. Note the recovery of Pol II in the absence of initiation
(red arrows) (see also Supplemental Fig. S3). (E) Rapid recruitment of preinitiation complexes correlates with high steady-state Pol IT oc-
cupancy. Pol Il ChIP-seq in HCT116 cells under normal conditions, as in Figure 1C, for genes with the highest and lowest recovery of Pol I
at 5’ ends upon return to isotonic medium in triptolide. Recovery was calculated from data in Figure 3D as Pol II ChIP signal around the
TSS after NaCl washout/signal before addition of NaCl. (F) “Poised” preinitiation complexes at the TSS during recovery from hypertonic
shock in triptolide. Metaplots of relative frequency (RF) of Pol Il ChIP 15 min after washout of high salt (25-bp bins normalized to bin 1).
Results are from biological replicates of the experiments in A-E. Triptolide results are as in Supplemental Figure S3, D-F. Note that unim-
odal distribution of Pol II preinitiation complexes centered at the TSS after recovery from high salt.
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performed at intervals after addition of triptolide. In con-
trast to Pol II occupancy, which shifts from pause sites
to the TSS within 10 min, Spt5 was found only at pause
sites upstream of and downstream from the TSS. Within
5 min of adding triptolide, Spt5 occupancy was reduced
to less than half and was close to background levels within
10 min (Fig. 5E,F; Supplemental Fig. S4D-F). Rapid Spt5
loss from pause sites when initiation is blocked with trip-
tolide occurred on both highly transcribed genes (such as
ACTB and EIF1) and poorly transcribed genes that accu-
mulate paused Pol II at their 5 ends (such as FOS and
HSPAI1B) (Fig. 5F; Supplemental Fig. S4D-F).

Spt5 is associated with Pol I complexes not only at pro-
moter-proximal pause sites but also throughout elonga-
tion and at 3’ pause sites downstream from poly(A) sites
(Glover-Cutter et al. 2008; Rahl et al. 2010). In contrast
to the rapid loss of Spt5 from 5 ends in triptolide (Fig.
5E,F; Supplemental Fig. S4D-F, red arrows), it persisted
for much longer periods within gene bodies and 3’ flanking
regions (Fig. 5E; Supplemental Fig. S4D, blue arrows). We
interpret this difference to mean that Spt5-associated
paused Pol IT at 5" ends turns over rapidly relative to the
rate of clearance of elongation complexes after initiation
is blocked. In summary, these results show that Pol II po-
sitioned at the TSS after a few minutes in triptolide is not
paused but is instead in a “poised” preinitiation state that
lacks a nascent transcript required for stable Spt5 binding
(Missra and Gilmour 2010; Bernecky et al. 2017; Ehara
et al. 2017).

Discussion

The accumulation of paused Pol II at promoter-proximal
sites is a ubiquitous feature of transcription in multicellu-
lar organisms, and these paused complexes are targeted by
mechanisms that control entry into productive elonga-
tion. The stability of paused complexes has been the sub-
ject of intense investigation with conflicting results

+500 +1000

1 ' Triptolide t=0

—

e .

PP

Rapid turnover of promoter-proximal paused Pol II

Figure 5. Rapid turnover of paused Pol Il complexes un-
der isotonic conditions. (A) Pol Il ChIP-seq at HSPA1B at
intervals after adding 10 pM triptolide to HCT116 cells
normalized to mouse M12 spike-ins (see also Supple-
mental Figure S4A-C). (B) Metaplots of mean Pol II
ChIP signals with 25-bp bins as in A. (C,D) Metaplots
of relative frequency (RF) of Pol II ChIP signals in
HCT116 and HEK293 cells at time points after adding
10 pM triptolide. Note that within 5 min, the Pol II dis-
tribution shifts away from pause sites and becomes cen-
tered over the TSS. (E,F) Spt5 ChIP-seq at time points
after adding triptolide to HCT116 cells normalized to
M12 spike-ins. (E) Metaplots of mean Spt5 ChIP signals
with 25-bp bins normalized to bin 1. Note the bimodal
distribution of Spt5 at pause sites, in contrast to Pol II.
¥ (F) Spt5 ChIP-seq on ACTB as in E. Note the rapid loss
of Spt5 from 5’ ends (red arrow) relative to 3’ ends (blue
arrow) (see also Supplemental Figure S4D-F).

because it is difficult to distinguish Pol II entry and exit
at pause sites (Henriques et al. 2013; Jonkers et al. 2014;
Chen et al. 2015a; Krebs et al. 2017; Nilson et al. 2017;
Shao and Zeitlinger 2017). We report the first direct obser-
vation of widespread dismantling of Pol Il complexes from
promoter-proximal pause sites—a phenomenon that was
revealed under conditions of hypertonic shock. Eviction
from pause sites under these conditions is very rapid;
80%—-90% of Pol II is lost within 2 min on several genes
tested after raising the salt concentration to >250 mM
(Figs. 1A,B, 6A, left). Moreover, this is an active process
that requires cell viability (Fig. 2F). In contrast, elongating
Pol II situated within genes throughout the genome is re-
sistant to hypertonic shock (Figs. 1, 2; Supplemental Fig.
S1; Proft and Struhl 2004; Wang et al. 2005), and transcrip-
tion often extends long distances past poly(A) sites (Fig.
6A, right), in agreement with previous work, suggesting
a termination defect under hypertonic conditions (Vilborg
et al. 2015).

We interpret the dramatic and specific loss of Pol II at
pause sites to reflect a highly active turnover mechanism
that is uncovered under hypertonic conditions when TBP
binding (Supplemental Fig. S1TH) and assembly of new pre-
initiation complexes are prevented (Cai and Luse 1987;
Conaway et al. 1990). This turnover mechanism does
not appear to require PTEFb-mediated pause release or
normal translocation, as it is resistant to the inhibitors
DRB and a-amanitin (Fig. 3; Supplemental Fig. S2). Fur-
thermore, the loss of Pol II from pause sites in high salt
is not accompanied by any detectable compensating in-
crease in Pol II density at downstream positions within
genes (Fig. 3C).

Rapid turnover of Pol II at pause sites is obvious in high
salt but is also detectable under isotonic conditions when
initiation is inhibited by triptolide, provided one distin-
guishes post-initiation complexes at pause sites from pre-
initiation complexes at TSSs. Within 5 min of adding
triptolide, a substantial fraction of Pol II is lost from pause
sites where it is associated with Spt5 and instead
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Figure 6. The dynamic turnover model of Pol Il recruitment and
eviction at human promoter regions. (4, left) Isotonic conditions
with ongoing recruitment (black arrow) of free Pol II (brown) to
the TSS (gray arrow; divergent transcription is not shown), where
it forms a transient “poised” complex (clear pink) followed by ini-
tiation and transition to the promoter-proximal pause (orange),
where eviction (solid red arrow) or release into productive elonga-
tion (dashed red arrow) occurs. (Right) Hypertonic conditions
with block to recruitment and slow elongation of salt-resistant
elongation complexes that transcribe far downstream from poly
(A) sites. (Brown) Free Pol II; (pink) poised Pol II; (orange) paused
Pol II; (yellow) elongating Pol II. (B, left) Isotonic conditions
with ongoing recruitment and turnover of paused Pol II in the
presence of elongation inhibitor DRB or a-amanitin. (Right) Un-
der hypertonic conditions plus DRB or a-amanitin, recruitment
is blocked, and Pol II arrested at the pause site is rapidly evicted
without active elongation. (C) Triptolide blocks initiation and
permits accumulation of “poised” Pol II at the TSS that turns
over and remains preinitiated (solid pink).

accumulates at the TSS in a “poised” preinitiation state
lacking Spt5, presumably because there is no nascent
transcript for Spt5 to contact (Fig. 5; Supplemental Fig.
S4D-F). We propose that the same turnover mechanism
is responsible for removing Pol II from pause sites when
initiation is blocked by either high salt or triptolide even
when elongation is blocked by DRB or a-amanitin. This
conclusion is supported by a recent study of FRAP of
GFP-tagged Pol II (Steurer et al. 2018). This report modeled
the kinetics of Pol II-GFP FRAP to identify a Pol Il popula-
tion with an average residence time of 42 sec that has
properties expected for promoter-proximal paused Pol II.
Consistent with our findings, FRAP kinetics indicated
that the residence time of the putative paused fraction
was almost unaffected by triptolide or flavopiridol, which
acts like DRB (Steurer et al. 2018).

The eviction of paused Pol II complexes reported here
strongly suggests that active premature termination
though the underlying mechanism is not understood. It
is unclear whether this termination is similar to the torpe-
do mechanism that operates downstream from poly(A)
sites (Proudfoot 2016), but it is notable that the latter
mechanism is substantially inhibited in high salt (Fig.
1G,L; Supplemental Fig. S1B,C; Vilborg et al. 2015), where-
as premature termination appears to be highly active
under these conditions. An alternative possibility is that
termination of paused Pol II is related to the Nrdl-
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Nab3-Senl-dependent mechanism that terminates many
noncoding transcripts in yeast (Steinmetz et al. 2001;
Kim et al. 2006; Porrua and Libri 2013). Pausing is a com-
mon precondition for termination in prokaryotic systems,
where it may promote conversion to a polymerase confor-
mation that opens the clamp and thereby favors release
from the template (Hein et al. 2014; Sekine et al. 2015).

Under steady-state conditions, we propose that a dy-
namic cycle operates, in which ongoing eviction of Pol II
from pause sites is balanced by active recruitment of Pol
II to promoters (Fig. 6). We observed this recruitment
directly during recovery from hypertonic shock, which ef-
fectively purges promoters of virtually all Pol II (Fig. 4A,B).
Remarkably, a robust recruitment of stable preinitiation
complexes to promoters was revealed when cells were al-
lowed to recover from hypertonic shock in the presence of
triptolide (Fig. 4C,D; Supplemental Fig. S3). Furthermore,
the recruitment of preinitiated complexes after return to
isotonic medium correlated with steady-state levels of
paused Pol II at 5 ends under normal conditions (Fig.
4E), as expected if this process was controlled by promoter
strength. One implication of these results, together with
those reported previously in quiescent B cells (Kouzine
et al. 2013), is that “poised” preinitiation complexes are
relatively stable intermediates in a pathway leading to for-
mation of paused post-initiation complexes (Fig. 6). More-
over, our observations in proliferating tissue culture cells
suggest that accumulation of stable preinitiation com-
plexes is not peculiar to quiescent B cells, which have lim-
iting XPB (Kouzine et al. 2013), but is instead a general
phenomenon. In summary, these results demonstrate
two active ongoing processes that control Pol Il accumula-
tion at 5’ ends of genes: recruitment into preinitiated com-
plexes and eviction of paused complexes by a mechanism
that does not require active elongation (Fig. 6).

The surprisingly robust recruitment of preinitiated
complexes to promoters in the presence of the initiation
inhibitor triptolide means that previous studies using
this approach to measure Pol II residence time at pause
sites (Henriques et al. 2013; Chen et al. 2015a; Krebs
et al. 2017; Shao and Zeitlinger 2017) probably underesti-
mated rates of turnover. By taking advantage of a recruit-
ment block under hypertonic conditions, we were able to
monitor the decay of Pol II at pause sites absent the con-
founding recruitment of Pol II into stable preinitiated
complexes. Under these circumstances, it is clear that
the rate of Pol IT loss from pause sites is far higher than pre-
viously suspected (e.g. Fig. 1A). We note that the forma-
tion of relatively stable preinitiation complexes in
triptolide might account for the Pol II decay curves near
start sites reported by Krebs et al. (2017). These investiga-
tors found rapid initial decay by 30%—-40% within 2.5 min
followed by a stabilization of Pol II levels at later times.

The highly dynamic nature of paused Pol II at most hu-
man promoters has implications for how the transition
from pausing to active elongation is controlled. The re-
sults reported here are most consistent with the idea
that the majority of polymerases at pause sites is rapidly
evicted, and only a minority that avoids this fate is permit-
ted to transition into productive elongation. This model is
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consistent with previous estimates based on live-cell Pol
II FRAP kinetics that only ~1% of Pol II encounters
with the 5" end of a gene result in productive elongation
(Darzacq et al. 2007; Steurer et al. 2018). In the widely ac-
cepted pause-release model, control of entry into elonga-
tion is exerted by regulating escape from a stably paused
state. We propose an alternative model in which control
of this transition is instead exerted by regulating escape
from premature termination with eviction from the tem-
plate (Fig. 6). This “escape from termination” model sug-
gests that productive elongation would be stimulated by
factors that make the polymerase more resistant to termi-
nation, possibly by preventing conformational changes
that cause clamp opening or swiveling (Hein et al. 2014;
Sekine et al. 2015; Kang et al. 2018). In this context, it is
interesting to note that Spt5, often regarded as a key
“pausing” factor in metazoans, is implicated in control
of termination in yeast (Baejen et al. 2017) and makes a
conserved contact with the Pol II clamp domain (Marti-
nez-Rucobo et al. 2011; Bernecky et al. 2017; Ehara et al.
2017). In the future, it will be important to elucidate the
mechanisms responsible for rapid turnover and those
that control the decision between eviction and elongation
at promoter-proximal pause sites.

Materials and methods

Cell culture

HCT116 cells were maintained in McCoy’s medium with 10%
FBS and penicillin/streptomycin. NaCl shock was performed by
replacing the same medium on cells after adding NaCl from a 5
M stock and mixing. Unless otherwise indicated, NaCl was added
to 230 mM, making a final concentration of monovalent cations
in the medium of 350 mM. Sucrose was added to 0.63 M, which
has the same osmotic pressure as 0.35 M NaCl. DRB (Sigma)
was used at 100 uM, triptolide (Cayman Chemical) was used at
10 uM, a-amanitin (Sigma) was used at 5 pg/mL, and PD-
169316 (MedChemExpress) was used at 15 pM.

Antibodies

Rabbit anti-pan-Pol Il CTD (Schroeder et al. 2000), —~histone H3 C
terminus (Zhang et al. 2005), and —Spt5 (Glover-Cutter et al.
2008) and B44 monoclonal anti-BrdU antibodies (Gratzner 1982)
have been described. Rabbit anti-TBP was from Upstate Biotech-
nology (catalog no. 06-24).

ChIP

ChIP-seq has been described (Fong et al. 2017). Reads were
mapped to the hgl9 University of California at Santa Cruz human
genome (February 2009) with Bowtie version 0.12.5 (Supplemen-
tal Table S1; Langmead et al. 2009). The pausing index was calcu-
lated as reads from —500 to +500 relative to the TSS/+501 relative
to the TSS to —500 relative to the poly(A) site. ChIP-seq reads
were quantified relative to spike-ins by the method of Hu et al.
(2015). Cross-linked sheared yeast chromatin was spiked into hu-
man extract before immunoprecipitation. Mouse M12 cells (2 x
10°) were added to human cells during cross-linking with formal-
dehyde. Input libraries were sequenced for each spiked extract to
calculate the ratio of human:yeast or human:mouse reads. Meta-
plots of human genes are from a list of 5507 well-expressed genes
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separated from their neighbors by >2 kb (Brannan et al. 2012).
Metaplots include all genes in common between the data sets
for which a minimum ChIP signal was obtained. Relative fre-
quency plots were made by calculating mean read counts for
each bin divided by the sum total of mean read counts in all bins.
ChIP-qPCR primers are described in Supplemental Table S2.

gRT-PCR of BrU-labeled transcripts (Supplemental Fig. S2F)

Cells were labeled with 2 mM bromouridine for 30 min, RN A was
purified with Trizol, and labeled RNA was isolated by immuno-
precipitation with B44 monoclonal anti-BrdU as described (Paul-
sen et al. 2014). Random primed ¢cDNA was made with
SuperScript III (Invitrogen), and qPCR was performed with the
primers listed in Supplemental Table S2. Fold change was calcu-
lated using the A/ACt method.

Accession numbers

ChIP-seq data sets have been deposited at Gene Expression Om-
nibus under accession number GSE117006.
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